Human and mouse blood each contain two main monocyte subsets. Here, we investigated the extent of their similarity using a microarray approach. Approximately 270 genes in human and 550 genes in mouse were differentially expressed between subsets by ≥ 2.0-fold. More than 130 of these gene expression differences were conserved between mouse and human monocyte subsets. We confirmed numerous of these differences at the cell surface protein level. Despite overall conservation, some molecules were conversely expressed between the two species' subsets, including CD36, CD9, and TREM-1. Other differences included a prominent PPARγ signature in mouse monocytes, which is absent in man, and strikingly opposed patterns of receptors involved in uptake of apoptotic cells and other phagocytic cargo between human and mouse monocyte subsets. Thus, whereas human and mouse monocyte subsets are far more broadly conserved than currently recognized, important differences between the species deserve consideration when models of human disease are studied in the mouse.
Introduction
Subpopulations of blood monocytes exist in humans, mice, and other species [1] [2] [3] [4] . [4] [5] [6] [7] . Ly-6C is frequently identified by flow cytometry using the Gr-1 antibody, which recognizes an epitope of both Ly-6C and Ly-6G 8 . 2, 3, 6, 7, 10 . These proposed similarities arise from evidence that differential expression patterns of certain molecules between the two major subsets are shared in humans and mice. Namely, chemokine receptors CCR1 and CCR2 are more highly expressed on CD16 -human and Ly-6C + mouse monocytes at the mRNA or protein level 3, 11, 12 , whereas CX 3 CR1 is elevated on CD16 + human and Ly-6C lo mouse monocytes 3 . Additionally, CD11a (α L integrin; Itgal), CD62L, and CD43 are conserved in their differential expression between monocyte subsets in humans and mice [2] [3] [4] 10, 13 . Further, CD16, the signature marker for distinguishing human monocyte subsets, was recently observed on the surface of mouse Ly-6C lo , but not Ly-6C + , monocytes 14 . CD11c (α x integrin; Itgax) is more highly expressed on CD16 + human monocytes relative to CD16 -human monocytes 15 , and, in analogy, several groups have observed higher expression of CD11c on Ly-6C lo mouse blood monocytes (Ly-6C + mouse monocytes appear negative) 4, 12, 16, 17 . However, other studies have failed to detect CD11c on mouse monocytes at all 3, 18 , leaving its status as a differentially expressed molecule that is conserved between species unclear. Overall, the proposed close similarity between human and mouse monocytes is based entirely on the 8 above-named molecules analogously expressed chemokine receptors and other surface molecules, as well as on parallel differences in cell diameter 3 . Whether the similarity between mouse and human monocytes goes deeper than these few markers is unknown.
Indeed, a recent review by Serbina et al. has pointed out that the overall similarity between human and mouse requires further investigation and that several critical markers should be evaluated in more detail, including CD14, CD115, Fcγ receptors in general, and other chemokine receptors 19 .
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The individual biological roles of the respective monocyte subsets in vivo are not completely understood, but the two subsets may play different roles during homeostasis and inflammation 2, 18, 20, 21 .
Studies suggest that Ly-6C
+ monocytes initiate inflammatory activities while Ly-6C lo monocytes promote healing and angiogenesis 20, 22 . In addition, Ly-6C lo monocytes exhibit patrolling behavior along the vessel wall 18 . However, Ly-6C lo mouse monocytes tend to accumulate at sites of inflammation far less abundantly than their Ly-6C + counterparts 7,12,19, To probe whether the relative conservation between human and mouse monocyte subsets extends beyond a handful of molecules, we assessed gene expression profiles in mouse and human monocyte subsets and applied an algorithm to compare differential gene expression patterns between the two major subsets of monocytes from humans and C57BL/6 mice. We uncovered 132 genes that were differentially expressed in the same pattern between the monocyte subsets in both species, significantly strengthening the proposed homology between subsets, and identifying, for example, transcription factors that are conserved in their differential expression between monocyte subsets. .
Our findings also uncover gene expression patterns that are not conserved between species. These findings on conserved and non-conserved patterns may be used to delineate conditions under which the mouse is and is not useful for modeling the behavior of human monocyte subsets. (Fig. 1B) . This staining scheme was chosen because an alternative staining scheme that centers on CD11b as the major identifier for monocytes 4 resulted in significant NK cell contamination (data not shown). Monocyte subsets were identified by staining with anti-Gr-1 antibody (BD Biosciences) to identify Gr-1/Ly-6C-negative and -positive subsets 3, 5 (Fig. 1B) . Anti-Gr-1 mAb Clone RB6-8C5 recognizes Ly-6C and Ly-6G, but only Ly-6C serves as an identifier for monocyte subsets 4, 9 .
For mouse monocyte sorting, blood leukocytes were also stained with anti-B220 antibody (BD 
Analysis
Raw human and mouse microarray cel files were analyzed using ArrayAssist 5.5.1 expression analysis software (version 4.0, Stratagene) and data were normalized and filtered using the GC-RMA processing algorithm. Using an unpaired T test with Benjamini-Hochberg correction, we identified 427 probe sets differentially expressed between the two human monocyte subsets and 808 probe sets differentially expressed between the two mouse monocyte subsets, with a fold-change of at least 2 and a p-value <0.05. Further, we filtered our probe set lists where at least 5/8 and 4/6 probe sets were expressed in the mouse or human arrays, respectively, using MAS5 analysis to determine present/absent calls resulting in the identification of 338 and 693 probe sets in human and mouse, respectively. The expression data are published in the Gene Expression Omnibus (GEO) data bank, accession # GSE17256 (mouse) and GSE18565 (human). 
Mouse
To analyze mouse monocyte protein expression, whole blood from C57BL/6J male mice, (The Jackson Laboratory) 12 weeks of age, was obtained either by terminal cardiac puncture or non-terminal submandibular puncture, and was then subjected to red blood cell lysis with Pharmlyse (BD Biosciences) prior to staining with anti-CD115, anti-Gr-1, and other markers of interest (Table 1) .
Results
We purified monocyte subsets from human and mouse blood ( Fig. 1 ) for gene expression analysis using Affymetrix gene arrays. Using ArrayAssist software to initially analyze our gene chip data, we identified 269 genes in human and 561 genes in mouse that were differentially expressed 2-fold or higher between the monocyte subsets in each species (data deposited in GEO, accession numbers GSE17256 and GSE1865). These initial data were verified by analysis of 9 differences in each species by qPCR (Fig. 2) . As the purpose behind these qPCR analyses was solely to confirm the results from the arrays, we did not focus on the same set of genes in the two species.
To determine how human and mouse monocyte subsets compared, we next employed an ordered list algorithm 26,27 to reveal cross-species gene expression conservation. The ordered sort algorithm computes a similarity score (higher scores denote increased degree of similarity) between two compared gene lists after searching for gene ranks that are comparable and statistically significant.
The algorithm revealed similar expression profiles between CD16 -human monocytes and the proposed complementary Ly-6C + mouse monocyte subset and between CD16 + human monocytes as compared to Ly-6C lo mouse monocytes. For these matches, a similarity score of 12069 entries from both ends of the gene rankings was derived (p < 1e-4). 132 homologous pairs of genes accounted for 95% of this similarity score, with 69 of these pairs up-regulated in both CD16 -human and Ly-6C + mouse monocytes and 63 up-regulated in CD16 + human and Ly-6C lo mouse monocytes (Fig. 3A, B) , greatly extending the list of genes known to be expressed in common patterns between the species' monocyte subsets. When performing the opposite analysis, CD16 -human monocytes compared to mouse Ly-6C lo monocytes and CD16 + human monocytes against mouse Ly-6C + monocytes, we also calculated a similarity score. However, fewer genes obtained weights in the latter assessment to produce the best empirical p-value (1e-5), giving rise to a lower similarity score of 2054. Only 33 homologous pairs accounted for 95% of this score, 15 were upregulated in CD16 -human monocytes and Ly-6C lo mouse monocytes, whereas 18 were upregulated in CD16 + human and Ly-6C + mouse monocytes (Fig. 3A, C) .
Thus, these data support the hypothesis that the conservation of monocyte subsets between mouse and human is broad.
Next, we wondered if the differential gene expression patterns revealed in the ordered list persisted at the protein level (Fig. 4) . First, using a panel of 18 pairs of mAbs against matched human or mouse proteins (36 mAbs in total), 35 mAbs stained the cell surface of monocyte subsets in the pattern observed for mRNA transcripts in the human or mouse arrays. One of the 36 mAbs, CXCR4 4B, D). CD115 (c-fms/MCSF-R), the only single marker currently known to be sufficient to identify mouse blood monocytes 4, 5, 28 , was also highly expressed on both human monocyte subsets (Fig. 4A ).
CD14 and CD16 (FcγRIII in human; FcγRIIIa/FcγRIV in mouse), the molecules traditionally used to identify human monocyte subsets 1 , were similarly differentially expressed in mouse monocyte subsets, although mouse CD14 levels were much lower than in human (Fig. 4B, C) . Thus, the identifying molecular signatures among mouse and human blood monocytes are conserved, and it would be appropriate in both species, for example, to name monocytes as CD16 -and CD16 + subsets and to use CD115 as a monocyte marker. ( Fig. 4B, C) . In contrast to the proteins analyzed in Fig. 4C, Fig. 4D summarizes the MFI of cell surface molecules that were identified in the ordered sort algorithm as being differentially expressed between the subsets in a pattern distinct from the proposed human and mouse monocyte counterparts (Fig. 3C ), including striking differences in CXCR4; TREM-1, which activates cells for proinflammatory cytokine release 30 ; scavenger receptor CD36 31 ; and tetraspanin CD9 (Fig. 4D ).
In addition to identifying genes that were expressed in common by human and mouse monocyte and their subsets, we observed patterns of gene expression that were evident only in one species. Figure 5 summarizes the top 20 genes differentially expressed between the subsets in human (Fig. 5A ) and mouse (Fig. 5B) . It is more difficult to interpret the meaning of genes expressed in only one species in relation to the overall conservation between mouse and human, since differences in the gene chips used to generate the data might artificially bias against some genes in one species.
Furthermore, some genes in one species have no clear ortholog in the other (such as Ly-6C in the mouse). Nonetheless, these lists highlight potentially key differences between the species, as they and its transcriptional regulator peroxisome proliferator-activated receptor (PPAR)γ (Fig. 5, Fig. 6A ), along with other genes previously described in human or mouse cells to be modulated by PPARγ agonists (Fig. 6A) , including CD36 32 (Fig. 5, Fig. 6A ), Hsd11β1
33
, and G0S2 34 (Fig. 5, Fig. 6A ). By contrast, no PPARγ signature was evident in the human monocyte array, consistent with follow-up qPCR analysis that failed to reveal PPARγ in human monocyte subsets (data not shown) and previous reports that PPARγ is absent in freshly isolated human monocytes 35 . Thus, an active PPARγ signature prominently distinguished mouse Ly-6C lo monocytes from CD16 + human monocytes (Fig. 5, 6A ).
Another cluster of functionally related genes that was upregulated in mouse Ly-6C lo monocytes
were those previously described to be involved in the recognition or engulfment of apoptotic cells ( (Fig. 6C) , in addition to the apoptotic cell recognition molecule SIRPα 36 , which was not differentially expressed at the mRNA level in mice but was conversely expressed in human monocyte subsets ( Fig. 2A) . Furthermore, macrophage scavenger receptor 1 (Msr-1; scavenger receptor A, CD204) was more highly expressed on the surface of mouse Ly-6C lo monocytes (Fig. 6C) , though the pattern of mRNA in the mouse subsets was opposite (Fig. 6B) , and the expression of MSR-1 between human monocyte subsets is also converse to mouse subset expression (Fig. 3 Finally, differential expression of transcription factors in monocyte subsets between mouse and human has never been explored. The strong differential expression of PPARγ in mouse monocyte subsets prompted us to examine the overall pattern of well-characterized transcription factors between monocyte subsets in the two species. From the ordered list analysis (Fig. 3) (Fig. 3B) . Hoxb was also differentially expressed in monocyte subsets of both species, but in a converse pattern when comparing human and mouse monocytes (Fig. 3C ). Beyond PPARγ (Fig. 6A) , a variety of other transcription factors or regulators were observed in only one of the two species (Fig. 7) . It remains to be determined, however, whether these differences coordinate fundamentally distinct behaviors of monocyte subsets in physiological or pathological settings or if the different transcription factors ultimately drive similar expression patterns between the two species.
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Discussion
Here, we used Affymetrix whole genome microarrays to compare differential gene expression patterns between the two major subsets of monocytes in humans and C57BL/6 mice. We then employed an ordered listed algorithm to compare monocyte subset gene expression patterns across species (Fig. 3 ) and verified our findings by flow cytometry (Fig. 4) Our ordered list approach detected a smaller number of molecules that, while remaining differentially expressed between monocyte subsets, diverged in their expression patterns from the proposed mouse and human monocyte counterparts. These included CXCR4, TREM-1, CD36, and CD9 (Fig. 1B, 2B, S4 however, an inherently descriptive approach that is meant to provide a foundation on which to build future work. A species comparison of this type is useful for making predictions about which pathways, and even which molecules, in a mouse may be most relevant to the behavior of human monocytes in physiology and disease. Caution should always be exercised when making assumptions across species, and hypotheses tested appropriately, however we have already found these data useful in shaping our own focus in ongoing projects. Nonetheless, this comparative analysis brings forward a database that has the potential to provide important insight for the use of mouse models as a surrogate for the study of human monocyte behavior in vivo.
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